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Abstract The vanishing of the spatial curvature observed in the current standard model of cosmology is interpreted 
under the assumption that it does not result from an accidental compensation mechanism between the contributions 
of visible matter and an unknown component called dark matter, but rather from a foundational principle relating 
matter to the vacuum, the principle of the relativity of inertia, or Mach’s principle. The dark universe (dark energy 
plus dark matter) is thus interpreted as emerging together with ordinary matter, from the vacuum, as it is 
understood in the framework of quantum field theory, namely a quantum vacuum. It will be shown that this 
interpretation may lead to a reasonable agreement between the current understanding of the quantum vacuum in 
quantum field theory and current observations of dark energy and dark matter, and that dark matter can be 
interpreted as emerging from the QCD vacuum, as a Bose-Einstein gluon condensate, with an energy density 
relative to the baryonic energy density that agrees with observation 
1/ Introduction: the dark universe and the principle of the relativity 
of inertia 
 The current cosmological standard model (CSM), called CDM, (for Lambda, – the 
usual denomination of the cosmological constant (CC) – Cold Dark Matter), has reached a 
robustness level comparable to the one of the standard model of particle physics (SM). With 
respect to the previous CSM, also called the simple Big Bang Model (BBM), CDM exhibits 
several novelties. Firstly, it validates the primordial inflation scenario which was conjectured 
to cure the defects of the BBM, but which was, beforehand, judged as too speculative. Such a 
primordial inflation essentially replaces the singularity plaguing the BBM. It implies, from the 
very beginning of the cosmic evolution, the vanishing of the spatial curvature index k, and the 
enhancement of the fluctuations of the quantum gravitational field that become the seeds of the 
structures which are observed (and well reproduced in computer simulations) in the large-scale 
distribution of galaxies. Secondly CDM provides an explanation to the observed acceleration 
of the expansion of the universe in terms of a small, but non-vanishing CC. Thirdly, CDM 
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relies on the existence of a dark universe comprising two components the dark energy and the 
dark matter. Dark energy appears as an isotropic negative pressure representing the effects of 
the expansion of the universe.  Dark matter is qualified as “cold” because it seems to share with 
visible matter the property of being pressure-less, i.e. non-relativistic. Dark matter is a response 
to a long-standing problem in astrophysics, related to the rotation curves of stars in galaxies 
and galaxies in clusters which show rotation velocities that are almost independent of the 
distance at large distances. This feature led to the assumption of dark matter, an unknown 
component of matter, compensating the inertial (centrifugal) force which would tend to 
disperse the components of the rotating system. Dark energy and dark matter seem not to 
participate to any of the non-gravitational fundamental interactions of the SM, but they are 
necessary, when combined with the visible part of the content of the universe to lead to the 
vanishing of the spatial curvature. CSM and SM seem thus in conflict about these two outcomes 
of the CSM. On the one hand, the simplest explanation of dark energy seems to be that it is the 
reflection of the cosmological constant. In fact, a cosmological constant with the value 
attributed to it in CDM leads through the equation of state / 1w P     to an energy density 
that has exactly the properties exhibited by dark energy. This “explanation” does not resolve 
the tension between CSM and SM because one has no clue to estimate the value of CC in the 
framework of quantum field theory, at the basis of the SM. On the other hand, dark matter 
raises for particle physics the challenging feature that an unknown component of matter 
amounts to five to six times the component that can be explained in terms of the known particles 
of the SM. It is often said in presentations intended to a large audience that the tensions related 
to dark energy and dark matter raise the most difficult problem of contemporary physics 
(“ninety-five percent of the content of the universe is unknown! There are more than 120 orders 
of magnitude in the discrepancy between estimates of CC and its observed value!”)  
 I think that such a way of presenting the issues of dark matter and dark energy is due 
to the conventional interpretation of CDM, per which dark energy is associated with the 
cosmological constant and thus assumed to be time-independent whereas dark matter is 
associated with matter which depends on cosmic time. This interpretation is based on the 
implicit assumption that the vanishing of the spatial curvature observed in CDM is the result 
of some accidental compensation mechanism between the contributions of visible matter and 
an unknown component called dark matter. It is the purpose of the present paper to try and 
clarify this issue thanks to an alternative interpretation based on the assumption that the whole 
dark universe (dark energy + matter) is to be associated with the vacuum, in such a way that 
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the vanishing of the spatial curvature would not result from such an accident, but rather from a 
foundational principle relating matter to the vacuum, i.e. to space-time, that was called by 
Einstein [1] [2] [3] and de Sitter [4] the Mach’s principle or the principle of the relativity of 
inertia.  
 My purpose is thus to propose such an alternative interpretation of the vanishing of 
spatial curvature in CDM, per which both dark energy and dark matter are to be associated 
with the vacuum, as it can be understood in the quantum-field theoretical framework, namely 
as a quantum vacuum.   The rest of the present paper will consist in showing that this 
interpretation utterly remains in agreement with general relativity and that it may lead to a 
reasonable agreement between the current observations of dark energy and dark matter and the 
current understanding of the quantum vacuum in quantum field theory, and, in particular, that 
dark matter can be interpreted as emerging together with visible matter from the QCD vacuum.     
 The second section of the paper is devoted to a brief history of the Mach’s principle 
starting from the debates between Einstein and de Sitter and going to the new interest in this 
principle mainly due to the rediscovery of a non-vanishing cosmological constant. This 
historical survey will allow introducing the concept of world-matter, that was proposed by de 
Sitter to stand for the hypothetical matter necessary to add to the visible matter for a 
cosmological model to obey the principle of the relativity of inertia, and which I propose to 
identify with the dark universe. 
 In the third section is formulated and justified the alternative interpretation of CDM 
as an inflationary cosmology that obeys the Mach’s principle. After a brief survey of the assets 
of CDM, one shows how, following the seminal work of Padmanabhan [5] on the emergent 
perspective of gravitation (EPG) the conceptual status of the cosmological constant can be 
transformed to the one of an integration constant in a cosmological model. One then explains 
the quantum generalization of the de Sitter world-matter, what I call the quantum world-matter, 
namely the world-matter emergent from the quantum vacuum: to the fermionic (resp. bosonic) 
component of the quantum vacuum, I associate a normal de Sitter (resp. anti-de Sitter) 
component of the quantum world-matter, and then, finally, I make explicit my interpretation of 
the flatness sum rule in CDM.   
 In the fourth section, I show how the proposed interpretation can lead to a 
reconciliation of the standard models of particle physics and cosmology, with the focus put on 
the interpretation of dark matter as emergent from the QCD vacuum at the 
confinement/deconfinement transition, by means of a gauge-theory/superconductor analogy. 
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 The results will be summarized in the concluding fifth section.  
2/ A brief history of the principle of the relativity of inertia 
2.1 The Einstein-de Sitter debate 
 The controversy between Einstein and de Sitter that took place at the onset of modern 
relativistic cosmology [1] was about the Mach’s principle that they agreed to name the postulate 
of the relativity of inertia. This controversy is accurately exposed in the three papers that de 
Sitter published in 1916-1917 [4]. In the first cosmological model that Einstein had proposed 
in 1917 [2], he had enunciated the principle of the relativity of inertia to which he refers as the 
Mach’s principle 
“In any coherent theory of relativity, there cannot be inertia with respect to ‘space’ but only inertia of 
masses with respect to one another. Consequently, if in space, I take a mass far enough from all the other 
masses in the universe, its inertia must go to zero”. 
In the correspondence, they had in March 1917, Einstein and de Sitter agreed on a formulation 
of this principle which makes of it a genuine foundational principle: in a postscript added by 
de Sitter at the end of his second paper of ref. [4], he refers to and endorses a statement made 
(in German) by Einstein: 
Postscript 
Prof. Einstein, to whom I had communicated the principal contents of this paper, writes “to my opinion, 
that it would be possible to think of a universe without matter is unsatisfactory. On the contrary the field 
g
  must be determined by matter, without which it cannot exist [underlined by de Sitter] This is the 
core of what I mean by the postulate of the relativity of inertia”. He therefore postulates what I called 
above the logical impossibility of supposing matter not to exist. I can call this the “material postulate” of 
the relativity of inertia. This can only be satisfied by choosing the system A, with its world-matter, i.e. 
by introducing the constant , and assigning to the time a separate position amongst the four coordinates. 
 On the other hand, we have the “mathematical postulate” of the relativity of inertia, i.e. the postulate 
that the g   shall be invariant at infinity. This postulate, which, as has already been pointed out above, 
has no physical meaning, makes no mention of matter. It can be satisfied by choosing the system B, 
without a world-matter, and with complete relativity of the time. But here also we need the constant . 
The introduction of this constant can only be avoided by abandoning the postulate of the relativity of 
inertia altogether. 
 In this postscript, de Sitter also summarizes all the issues of the debate he had with 
Einstein and which are discussed in the core of his three papers. What he calls the “system A” 
refers to the Einstein’s cosmological model of [2], i.e. a spatially finite universe obeying the 
Einstein’s equation to which has been added a cosmological term (the “constant ”) allowing 
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to satisfy the “material principle of the relativity of inertia” thus playing the role of a 
hypothetical matter, “of which the total mass is so enormously great, that  compared   with   it 
all   matter   known   to us  is utterly negligibleb. This hypothetical matter I will call the world- 
matter”.  
 The principle of the relativity of inertia is indeed related to the Mach’s principle: 
“To the question: If all matter is supposed not to exist, with the exception of one material point which is 
to be used as a test-body, has then this test-body inertia or not? The school of Mach requires the answer 
No. Our experience however decidedly gives the answer Yes, if by ‘all matter’ is meant all ordinary 
physical matter: stars, nebulae, clusters, etc. The followers of Mach are thus compelled to assume the 
existence of still more matter: the ‘world-matter’. If we place ourselves on this point of view, we must 
necessarily adopt the system A, which is the only one that admits a world matter.”   
The last statement of this quotation is reinforced in the postscript in which the world-matter of 
system A is identified with the constant  
 To the “system A” is opposed the “system B” which is the well-known de Sitter 
universe containing no matter ( = 0) and which, nevertheless is a solution to the Einstein’s 
equation with a cosmological constant. He exposed to Einstein this solution in a letter dated on 
March 20th and received on March 24th the Einstein’s answer that he commented in the above 
quoted Postscript added to his communication on March 31st in front of the KNAWc.  The 
reproach made by Einstein [3] to this “system B” solution of de Sitter was based on a three-
fold argument: i) the corresponding universe is spatially finite, ii) it is bounded by a singularity, 
and iii) this singularity is at finite distance. In return, in his third paper of ref. [4], de Sitter 
made about the “system A” solution of Einstein the very severe criticism that it does not satisfy 
complete time relativity, but he had to recognize that his “system B” solution satisfies only a 
“mathematical” principle of relativity of inertia that he formulates in the following way: 
Once the system of reference of space- and time-variables has been chosen, the Einstein’ equations 
determine the g  apart from constants of integration [underlined by me], or boundary conditions. Only 
the deviations of the actual  g from these values at infinity are thus due to the effect of matter. (…) If 
at infinity all  g were zero, we could truly say that the whole of inertia, as well as gravitation, is thus 
produced. This is the reasoning which has led to the postulate that at infinity all g shall be zero. I have 
called this the mathematical postulate of relativity of inertia. 
                                                          
b It is interesting to note that, already in 1917, it was realized that the known matter represents only a 
negligible  part of the content of the universe. 
c It is amazing that such an intense debate between two outstanding European physicists could have taken 
place through postal mails during World War I. 
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2.2 The principle of the relativity of inertia in modern cosmology 
 Now, it turns out, and it is what will be explained in the rest of the present paper, that 
in modern cosmology based on the expansion of the universe and on the quantum physical 
description of matter, the issues raised both by Einstein and de Sitter can be addressed, and that 
“system A” and “system B” solutions can be reconciled in an inflationary cosmology such as 
CDM provided that the whole dark universe (dark energy + matter) is assimilated to a world-
matter emergent from the quantum vacuum:  
• Because of expansion, the part of the universe that is visible to us, and not the whole 
universe, is spatially finite: it is a sphere of radius equal to the inverse of the Hubble 
constant (multiplied by c). This boundary of the visible universe is not a singularity, it 
is a horizon 
• Although, as noted by de Sitter in the second paper of [4] “In fact, there is no essential 
difference between the nature of ordinary gravitating matter and the world-matter. 
Ordinary matter, the sun, stars, etc., are only condensed world-matter, and it is possible, 
though not necessary, to assume all world-matter to be so condensed”, darkness, namely 
the absence of non-gravitational interactions, allows distinguishing observationally 
world-matter from ordinary matter.  
• In a description of non-gravitational interactions of matter based on quantum field 
theory, the quantum vacuum, namely the ground state of the system of interacting 
quantum fields with the vanishing of all the occupation numbers, is not the nothingness 
and can allow to model the world-matter necessary to add to the known visible matter 
to satisfy the material principle of the relativity of inertia. 
 The starting point of modern cosmology considering the expansion of the universe and 
the possible existence of a cosmological constant is the Einstein’s equation, which, following 
the definitions and notations of reference [6] and the proposal of Gliner [7] and Zeldovich [8] 
to take the cosmological term to the right-hand side, reads:    
 
1
2
Ng T g    = G .  (1) 
 The Robertson-Walker metric allows to describe a homogenous and isotropic universe 
compatible with the Einstein’s equation in terms of two cosmological parameters: the spatial 
curvature index k, an integer equal to -1, 0 or +1 and the overall dimensional expansion (or 
contraction) radius of the universe ( )R t , depending only on time; note that due to the 
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homogeneity, the geometry actually does not depend on the radial relative coordinate r which 
is dimensionless:   
  
2
2 2 2 2 2 2 2
2
( ) sin
1
dr
ds dt R t r d d
kr
  
 
    
 
  (2) 
 One often uses a dimensionless scale factor 
0( ) ( ) /a t R t R   where 0 0( )R R t  is the 
radius at present-day.  
 In order to derive the Friedman-Lemaitre equations of motion, one assumes that the 
matter content of the universe is a perfect fluid for which the energy momentum tensor is 
expressed in terms of the isotropic pressure P, the energy density the space time metric g  
and of the velocity vector  1,0,0,0u   for the isotropic fluid in co-moving coordinates 
  T Pg P u u        . (3)  
 Since, in homogeneous and isotropic cosmologies, the metric appearing in (1) and (3) 
is conformally flat [9], namely proportional to the flat Minkowski metric   with a coefficient 
depending on the space-time point x, the cosmological term, taken to the right-hand side of the 
Einstein’s equation,  can be interpreted as an effective energy-momentum tensor for the vacuum 
possibly playing the role of a world-matter, rather than as a cosmological constant appearing 
in the action of the theory. If, as in Eq. (3), one associates a perfect fluid to the cosmological 
term, its pressure ( )P x  and energy density ( )x  sum to zero and the world-matter energy tensor 
of the vacuum reduces to the pressure term. Such a world-matter can even have two 
components, one with negative pressure, which I shall call a normal (or positive CC) de Sitter 
world-matter, and one with positive pressure which I shall call an anti-de Sitter (or negative 
CC) world-matter. 
 3/ CDM and the principle of the relativity of inertia 
3.1 The assets of CDM   
3.1.1 The Friedman-Lemaitre equations 
 In terms of the pressure and the density of the perfect fluid describing matter, the 
Friedman equations, with a non-vanishing CC playing the role of a world matter, reads 
 
2
2
2
8
3 3
NGR kH
R R
   
    
 
  (4) 
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and 
  
4
3
3 3
NGR P
R



   .  (5) 
Energy conservation (via ; 0T


 ) leads to a third equation:    
  3H P    . (6) 
3.1.2 The three stages of cosmic evolution in CDM  
 The phases of the cosmic evolution are well represented on the thick line in figure 1 
in which the Hubble radius 1L H  , the inverse of the time dependent Hubble parameter, is 
plotted versus the scale parameter a(t) (set to 1 today) in logarithmic scale, in such a way that 
the value zero of the scale parameter a (which would lead to a singularity as in the naïve BBM) 
is sent to minus infinity. On this figure, one can distinguish three stages: 
• The first stage of the evolution is the primordial inflation stage, namely a first de Sitter 
stage occurring at an energy of about 1016 GeV, during which the Hubble radius is 
constant (about 103 Planck lengths) whereas the scale factor grows exponentially from 
 to  in figure 1 by about thirty orders of magnitude, so that we can assume that at the 
end of inflation, the spatial curvature is already compatible with zero, in agreement with 
the present day observations  2 2 0.00400 0 0.0039/ 0.0008k R H    k 10. The primordial 
inflation phase cures the defects of the simple big bang model implied by the existence 
of a singularity.  At point  inflation is supposed to end and occurs what is usually 
called the reheating of the universe which has been called also the Big Bang ignition 
[11], when the radius of expansion R(t) reaches about 1030 Planck’s lengths 
corresponding to the energy scale of CC or to the Compton wave length of a particle 
with a mass of about 2.5 meV. 
• Starting at point , the second stage is an expansion stage during which the content of 
the universe obeys the standard Friedman-Lemaître cosmological equations of 
evolution, with a time dependence of the cosmic scale a(t) determined by the equation 
of state parameter /w P  of the component that dominates the evolution at a given 
epoch, namely; 
o  An epoch of dominance by radiation  1 / 3w   from point  to point  in figure 
1 in which 2L a followed by,  
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o An epoch of dominance by pressure-less matter  0w    from point  to point 
 (i.e. today) in which 1.5L a  ; 
• In the third stage, extending from point  to point  in figure 1, the universe will be 
dominated by the cosmological constant . This stage, like the first one (from point  
to point) is an inflation one (a second de Sitter stage with a scale factor growing 
exponentially with the cosmic time, and a Hubble radius slowly increasing 
asymptotically to 3 /   ) called the late inflation stage characterized  by an equation of 
state 1w   compatible with the present day observation  0.0750.0801.019w    
3.1.3 The flatness sum rule  
 It is useful to define a density, called the critical density 
 
23
8
c
N
H
G


  , (7) 
which would be a solution to the Friedman’s equation (4) if the curvature index k and CC were 
zero. With respect to this critical density one defines for each component, including the one of 
CC, the relative contribution to the critical density, called its cosmological parameter, and 
rewrite the present day Friedman’s equation (4) as  
  
 
tot
2 2
tot
2 2
0 0 M R
/
/ 1
/ 1
c
k R H
k R H
 

 
  
    
  (8)
where the subscript M stands for pressure-less matter, the subscript R stands for radiation (or relativistic 
particles) and 2/ 3H   . Since the curvature index k does not depend on time, its vanishing at 
present day implies its vanishing at all epochs, so in terms of time-dependent densities, the Friedman’s 
equation (4) takes the form of the flatness sum rule which, in terms of densities reads  
 
M R c        (9) 
 In the conventional interpretation, the vacuum energy density is kept constant, and 
when dark energy and dark matter are introduced, dark energy is associated with the 
cosmological constant and thus to the vacuum, and dark matter is associated with the non-
vacuum matter. It is thus implicitly assumed that the only component associated with the 
vacuum comes from CC, and that the saturation of the flatness sum rule (k = 0), is due to some 
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compensation between the visible (baryonic) matter b  and an unknown dark component of 
matter DM . In terms of densities, the Friedman’s equation then becomes  
 
M DE c
M b R DM DE V
0
with ; / 8 NG
  
      
  
     
  (10) 
 The main purpose of the present paper is to propose a new interpretation of the flatness 
sum rule per which CC would be treated as an integration constant and dark matter would not 
be associated with the matter but rather with the vacuum, i.e. as a component of the world-
matter allowing CDM to obey the principle of the relativity of inertia. 
3.2 The emergent perspective of gravity and  interpreted as an integration 
constant 
 It is tempting to interpret the flatness sum rule as expressing the vanishing of the total 
(gravitational plus kinetic) energy density, equal to
c , to which has to be subtracted the 
vacuum energy density  , thus qualifying CDM as a cosmology of emergence out of the 
vacuum, a so-called “free lunch cosmology”. Actually, such an interpretation is suggested in 
[6] in the comment made about the Friedman’s equation (4): “By interpreting 2/k R  
Newtonianly as a ‘total energy’, we see that the evolution of the Universe is governed by a 
competition between the potential energy, 8 / 3NG  , and the kinetic term  
2
/R R ”. But, this 
suggestion is criticized a few lines below in the following way: “Note that the quantity 
2 2
0 0/k R H  is sometimes referred to as k . This usage is unfortunate: it encourages one to think 
of curvature as a contribution to the energy density of the Universe, which is not correct.”  
 However, I think that such an interpretation of the Friedman’s equation can be made 
correct, if, as advocated by Padmanabhan (see [5] and [12] for a more recent review) and as I 
am going to explain now, one adopts the emergent perspective of gravitation (EPG), per which 
the quantity that is conserved in the cosmic evolution is not a ‘total energy’ but rather a 
thermodynamic potential (i.e. defined up to an arbitrary additive constant), namely an enthalpy 
or total heat content.  
 The idea underlying EPG is that in general relativity, horizons are unavoidable, and 
that, since horizons block information, entropy can be associated, through them, to space-time, 
and thus that space-time has a micro-structure. The Davies-Unruh [13] effect, the 
thermodynamics of black holes of Hawking [14] and Bekenstein [15], the Jacobson [16] 
interpretation of the Einstein’s equation as an equation of state, or the interpretation of gravity 
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as an entropic force by Verlinde ([17] and more recently [18]) say, rely on this idea which 
provides a possible thermodynamic route toward quantum gravity.  
 In the conventional approach, gravity is treated as a field which couples to the energy 
density of matter. The addition of a cosmological constant – or equivalently, shifting of the 
zero level of the energy – is not a symmetry of the theory since the gravitation field equations 
(and their solutions) change under such a shift. But in the EPG, rather than the energy density 
it is the entropy density which plays the crucial role, and shifting the zero level of the entropy 
is now a symmetry of the theory. 
 In CDM, the time-dependent null surface, with radius 1H  blocks information and 
can thus be endowed with an entropy [15] proportional to its area  
    2 2 2/ 4 /  p PS A L H L    (11) 
where  
1/2
3/P NL G c  is the Planck’s length, and a temperature [14] 
 / 2T H    (12) 
During a time-interval dt, the change of the gravitational entropy (i.e. the entropy associated 
with space-time) is 
     2/ 1/ 4 /  PdS dt L dA dt   (13) 
and the corresponding heat flux  
     / / 8 /NT dS dt H G dA dt   (14) 
 For the matter contained in the Hubble volume, the classical (Gibbs-Duhem) 
thermodynamic relation tells us that the entropy density is   1 /ms T P  , corresponding to 
a heat flux through the boundary equal to 
  mTS A P A    (15) 
Balancing gravitational (14) and matter (15) heat flux equations leads to  
8 N
H dA
P A
G dt


  , 
which, with 24 /A H  gives 
  4 NH G P      (16) 
Now, energy conservation for matter leads to  
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 
 
3 3
3
d a da
P
dt dt
H P

 
 
  
  (17) 
which is nothing but eq. (6) and which, combined with eq. (16) and integrating over time leads 
to  
 
2
c
3
 arbitrary constant
8 N
H
G
 

     (18) 
 Comparing this last equation with  Eq. (9),  one sees that since the entropy density 
vanishes for the cosmological constant, the arbitrary constant can be put to  that acts as an 
integration constant because 
c t
  ; Eq. (9) thus becomes 
 
cM R eff / 8 NG          (19) 
Where the left-hand side is the sum of energy densities of all the components of the universe 
(baryonic, relativistic and dark matters) contributing to gravitation, whereas the right-hand side 
equated to an effective cosmological constant  eff , can be interpreted as the energy density of 
the world-matter corresponding to a negative pressure  and contributing to inertia, just as the 
“constant ” term in the system A or system B of Einstein and de Sitter expresses the principle 
of equivalence of gravitation and inertia, so Eq. (19) can be re-written as  
 (Matter) (World-Matter)=0P    (20) 
Note that this last equation means that the equivalence of gravitation and inertia is translated, 
in the EPG framework, as the vanishing of the total entropy contained in the Hubble volume. 
Note however that such a vanishing implies the existence of a component of Matter, namely 
dark matter which is outside the scope of the SM of particle physics. 
3.3 The world-matter and the quantum vacuum 
 What I want to do now is to extend the proposed interpretation to address the dark 
matter issue, and to explore the possibility that whereas dark energy would be related to a 
normal de Sitter world matter, dark matter would be related to an anti-de Sitter world-matter.  
 To do that one can rely on the above quoted work of F. Gürsey [9] untitled 
Reformulation of general relativity in accordance with Mach’s principle, in which he argues 
that in homogeneous and isotropic cosmologies such as CDM that are conformally flat, the 
metric is Minkowskian up to a multiplicative factor involving a scalar field  called the dilaton, 
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related to its determinant g , which allows modeling the stress-energy tensor of the vacuum in 
terms of the scalar density of what he calls a ‘background’, rather than in terms of a 
cosmological constant,  
 
 
22 4
2
( ) ; ( )
( )
ds f x ds g f x g
f x 
 

MinkowskiMinkowski   (21) 
 He stresses that such a background cannot consist of a uniform distribution of stable 
particles because such a distribution cannot induce a flat metric proportional to  ,  but rather 
of what he calls a uniform distribution of “mass scintillation events”, namely the events 
consisting at any world point in the appearance immediately followed by the disappearance of 
a massive particle or a virtual particle-antiparticle pair, which is highly suggestive for the 
identification of the world matter with the scalar energy density of the quantum vacuum. Now, 
once the presence of horizons is taken into account, a very simple argument shows that vacuum 
fluctuations of energy density in a quantum field theory can lead to the observed properties of 
such a world-matter [19]: in the two regions 1 and 2, separated by a horizon and described by 
a Hamiltonian 
1 2H H H   the dispersions in the energies     
2 2
1 1 1
0 0E H E    and 
   
2 2
2 2 2
0 0E H E     are equal because the expectation values of  H E and  
2
H E vanish 
in any energy eigenstate; but since the two regions only share the bounding surface, the two 
dispersions have to be proportional to the area of this surface, and thus to scale as the square of 
the radius of the horizon. So, the energy density of such a distribution of fluctuations  
3
/
H
E L  
vac  scales as the inverse surface area, 
  
2 2 /P H NL L H G

 vac  (22)  
which is compatible with the expected behavior of the energy density of the world-matter and 
of all the energy densities involved in inflationary cosmological models.  
 Although this argument, suffers from the drawback that it involves formally divergent 
quantities, it can be made rigorous in the framework of EPG: in fact, interpreting the CDM 
cosmology in this framework, Padmanabhan has inferred [12] that the total amount of 
information (or entropy), what he calls “CosmIn” in the CDM cosmology is finite and 
proportional to the inverse of the cosmological constant.
. 
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3.4 A tentative new interpretation of CDM: the dark universe as the quantum 
world-matter  
 One must also keep in mind that, as said above, there are two possible forms of the de 
Sitter world-matter: the one imagined by de Sitter himself, a normal de Sitter world-matter, 
which would correspond to a positive CC, a negative pressure and a positive energy density 
opposite to the pressure and the one, an anti-de Sitter world-matter, which would correspond 
to a negative CC, a positive pressure and a negative energy density opposite to the pressure. 
Obviously, a negative CC could not have been used by de Sitter for his “system B” universe, 
because with its negative energy density such a hypothetical universe would be completely 
unphysical. But, since the quantum vacuum of the particle physics standard model involves 
both boson and fermion loops which, as is well known in relativistic quantum field theory, 
contribute with opposite signs, a cosmological model involving both an anti-de Sitter world-
matter as well as the normal de Sitter world-matter is conceivable.  
 In the rest of the present paper, I am going to show that modeling the dark universe by 
such a two-component world-matter, (what could be called a quantum world-matter), could 
allow solving the dark matter problem in agreement with the principle of the relativity of inertia. 
To proceed in this direction, the first step is to relate the type of each component of the supposed 
quantum world-matter (normal or anti de Sitter) with the quantum statistics (fermionic or 
bosonic) of the virtual loops in the quantum vacuum. In figure 2a is reminded the famous 
argument of Feynman [20] that allowed him to establish the fact that “with spin ½ there is a 
minus sign for each loop”: starting from two identical loops, if one interchanges the identical 
particles that circulate in the loops one gets a single loop the contribution of which is to be 
added (resp. subtracted) to the contribution of the initial two loops, if the identical particles are 
bosons (resp. fermions). In figure 2b the argument is generalized to show how a “tadpole” 
diagram in which a boson (resp. a fermion) exchanges a virtual dilaton with a vacuum loop 
involving a particle identical to it, is transformed trough the permutation of identical particles, 
into a self-energy diagram with positive (resp. negative) contribution. Due to the sign of the 
self-energy radiative correction equivalent to the tadpole diagram, its iteration gives the 
propagating particle a mass (resp. an acceleration) if it is a boson (resp. a fermion)   This feature 
suggests that the bosonic component of the quantum vacuum
B
QV   can give rise to an anti de 
Sitter world-matter with a negative energy density 
B AdS
QV WM   and a positive pressure
AdS
WMP such 
that 
AdS AdS
WM WM 0P   , and that the fermionic component
F
QV   can give rise to  a normal de Sitter 
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world-matter with a positive energy density 
F NdS
QV WM    and a negative pressure
NdS
WM
P such that 
NdS NdS
WM WM 0P   .  
 The next step is to relate the components of the dark universe with the components of 
the quantum world-matter. Rewriting Eq. (10) as 
 
M DM c
M b Rwhere 
   
  
  
 
  (23) 
the idea is on the one hand, to interpret c  , which in the conventional interpretation was 
equated to the energy density of the world-matter  – see Eq. (19), as now, the energy density, 
equivalent to a negative pressure, of the normal de Sitter world-matter 
NdS
c WM
P 

    and, on the 
other hand, DM as the positive pressure of the anti-de Sitter world-matter 
AdS
DM WM
P  . Overall, 
the flatness sum rule that mathematically expresses, the equivalence of gravitation (equated to 
M ) and inertia, equated to WM WMP   , or the vanishing of the total entropy in the Hubble 
volume becomes 
 
M WM
NdS AdS NdS AdS
cWM WM WM WM WM DM
0
with ; ;
P
P P P P P

  
 
    
  (24) 
 About this equation three remarks are in order: 
1/ The proposed interpretation maintains the property exhibited by the conventional 
interpretation, that the flatness sum rule is equivalent to the vanishing of the entropy contained 
in the Hubble volume: formally Eq. (24) is identical to Eq. (20), except that the argument of 
the first term “Matter” now represents only the visible matter, and the argument of the second 
term “World-Matter” now represents the total quantum world-matter namely the sum of its 
normal de Sitter component and its anti-de Sitter component identified with dark matter.  
2/ The identification of the positive energy density of dark matter with a positive isotropic 
pressure suggests that dark matter is located around the peculiar velocity lines of the inward 
motion of galaxies in superclusters defined and exhibited in the Laniakea analysis [21]. In this 
analysis, when the distance from earth of a galaxy can be measured its  
“peculiar velocity can be derived from the subtraction of the mean cosmic expansion, the product of 
distance times the Hubble constant, from its observed velocity. The peculiar velocity is the line-of-sight 
departure from the cosmic expansion and arises from gravitational perturbations; a map of peculiar 
velocities can be translated into a map of the distribution of matter. Here we report a map of structure 
made using a catalogue of peculiar velocities. We find locations where peculiar velocity flows diverge, 
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as water does at watershed divides, and we trace the surface of divergent points that surrounds us. Within 
the volume enclosed by this surface, the motions of galaxies are inward after removal of the mean cosmic 
expansion and long-range flows. We define a supercluster to be the volume within such a surface, and so 
we are defining the extent of our home supercluster, which we call Laniakea”. 
The Laniakea supercluster is thus nothing but our visible universe, and its boundary is nothing 
but the Hubble horizon (as seen in a non-inertial frame), namely the surface where negative 
pressure of the total world-matter, NdS AdS
WM WM WM c DMP P P          compensates the density 
of the visible matter, just as in Eq. (24).  
3/ Since, in the inflation stages (the primordial and late stages), the two components of the 
world matter sum to  , the interpretation of CC as an integration constant reads as the far 
future boundary condition 
c t
    and the remote past boundary condition
M t
  . 
 
4/ Dark matter as the anti-de Sitter world-matter emergent from the 
QCD vacuum  
4.1 Why to focus on QCD? 
 Up to now, the flatness sum rule involves present-day densities and pressures, but to 
perform what I call the matching of SM and CSM, one must look for what becomes the sum 
rule at earlier cosmic time, namely when the quantum vacuum of the SM is relevant for the 
description of the content of the universe.  If one considers the content of the present-day 
universe, in the perspective of its emergence from the quantum vacuum, one is automatically 
led to focus on QCD since baryonic matter is made of QCD quanta, namely u and d quarks 
(and electrons that contribute negligibly). If one neglects the radiation component which may 
emerge from the non-QCD vacuum (photons and leptons), if one assumes that dark energy can 
be associated with  very light particles (possibly  neutrinos), and if one wants to put on test the 
assumption that dark matter is to be associated with SM bosons, the only left bosons to consider 
are the gauge bosons of QCD, the gluons, since the other bosons of the standard model, the W, 
Z  and BEH bosons are unstable and decay into light particles associated to the negligible 
radiation component or to dark energy.   
17 
 
4.2 The QCD vacuum condensates 
 About dark matter, one thus wants to know what does become Eq. (24) at point  in 
figure 1, namely when emerges the colorless universe out of the QCD vacuum at the 
confinement/deconfinement transition.  
 Although it belongs to the non-perturbative realm of quantum field theory, the energy 
density of the QCD vacuum is the object of well-founded theoretical expectations that are 
briefly recalled here.   As an unbroken non-abelian renormalizable gauge theory, QCD is 
asymptotically free at short distance, and singular at large distance. The QCD Lagrangian, 
without quarks or with massless quarks i.e. in the so-called chiral limit, is scale invariant since 
the coupling constant is dimensionless, but quantization leads to a non-vanishing vacuum 
expectation of the trace of the stress energy tensor (the so-called trace or conformal anomaly), 
a spontaneous symmetry breaking. In the cosmological context, one can assume that the 
quantum of the scalar field  of Eq. (21) could play the role  of the Nambu-Goldstone boson 
associated with this spontaneous symmetry breaking.     
 The dynamical breaking of scale invariance, called dimensional transmutation after 
Coleman and Weinberg [22]  is apparent in the fact that “the renormalization has replaced a 
one-parameter family of unrenormalized theories, characterized by their values of the 
dimensionless unrenormalized gauge coupling 0g , by a one-parameter family of renormalized 
theories, characterized by their value of the dimension-one scale mass ( , )g  ”[23]. This 
scale mass ( , )g   is said to be renormalization group invariant: it satisfies the Callan [24]-
Symanzik [25] differential equation  
 ( ) ( , ) 0g g
g
  

  
  
  
  (25) 
With 
 3 50
1
( ) ( )
2
g b g O g      (26) 
Where the constant 0 11 2c fb N N   (Nc is the number of colors, and Nf the number of quark 
flavors) appears in the lowest order (one loop) perturbative calculations of radiative corrections, 
but also appears in the non-perturbative regime of QCD. In effect, the constant b0 figures as the 
coefficient of the essential singularity at zero coupling constant in the expression of the scale 
mass  20( , ) exp 1/g b g   . This scale mass enters the definition of the QCD vacuum 
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condensates such as a (fermionic) quark-antiquark condensate   30 ( , )qq g   or a 
(bosonic) gluonic condensate  a a 4
0
( , )F F g  , and the constant b0 appears as a 
multiplicative factor in the contribution of all the vacuum condensates to the trace anomaly. 
For instance, the contribution of the gluon condensate to the trace anomaly reads: 
  a a
0
0
1
11 2
8
r
s
c fT N N F F
 
 


       (27) 
Where the symbol 
0
...  stands for vacuum expectations in flat space-time integration, and 
2 / 4 .S g   
 The minus sign in the right-hand side shows that when the constant b0 is positive 
 11 2c fN N  the condensates contribute overall negatively to the energy density, just as an 
anti-de Sitter world-matter, which is encouraging for the working assumption that dark matter 
is an anti-de Sitter world matter      
 Actually the multiplicative factor b0 in Eq. (27), allows us to read, thanks to the 
argument developed above (§ 3.4),  the relative contributions of the components of the QCD 
vacuum to the full world-matter: 
• the bosonic (gluon) loops, proportional to Nc, contribute to the anti-de Sitter world 
matter which, per our interpretation represents the potential negative gravitational 
energy density of the gluons which will become the dark matter, and  
• the fermionic (quark) loops, proportional to Nf , contribute to the normal de Sitter world 
matter, which, per our interpretation, represents the kinetic energy density of the quarks 
which  will become the valence quarks of the baryons, namely of the baryonic matter 
 To complete the content of the universe, one must add to the contributions of the QCD 
quanta the ones of the non-QCD quanta which will lead, in the present-day budget, to the 
negligible radiation contribution and, of course, to dark energy. 
 We thus see that with Nc, the number of colors equal to 3, and the number Nf of light 
flavors of quarks (u, d, s) that form the baryonic matter, also equal to 3d,  the ratio of the bosonic 
to fermionic loops in the QCD quantum vacuum contributing to the quantum world-matter is 
                                                          
d The number of flavor Nf of quarks leading to baryonic matter has rather to be considered as an effective 
number larger than 2 to allow the possibility that quarks heavier than the light u and d quarks (s, c, b, t) could 
contribute to the energy density of baryonic matter through their decay into light quarks by weak interactions. 
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5.5, which is in excellent agreement with the ratio of the dark matter to the baryonic matter 
energy densities in CDM,  which is very encouraging for the proposed model of dark matter. 
4.3 Dark matter as a Bose-Einstein gluon condensate 
 The ambitious program of Adler in [23] to derive Einstein’s gravity as a symmetry-
breaking effect in quantum field theory failed because of the misunderstanding at that time, of 
the significance of the cosmological constant. However, one of the ideas underlying this 
approach was to focus on the gauge theory-superconductor analogy which turns out to be useful 
for our interpretation in terms of a Bose-Einstein condensation mechanism. In the case of QCD, 
the fermionic and bosonic condensates which are proportional to powers of the scale mass are 
the analog of the electron pair condensate in a superconductor proportional to the energy gap, 
and the slowly varying metric (represented in our interpretation by the dilaton field ) that 
perturbs the condensates in the vacuum is the analog of the slowly varying electromagnetic 
field that perturbs the electron pair condensate in the superconductor.  
 Such an analogy was used when QCD became the favorite Yang-Mills theory of strong 
interactions, for instance in [26] Nielsen and Olesen proposed a suggestive model in which the 
analog of the QCD vacuum is a superconductor of type II involving unconfined chromo-
magnetic monopoles moving freely along magnetic flux lines that condense and form a “three-
dimensional pattern which resembles spaghetti”.  
 More recently, the superconductor analogy is used to model dark matter by means of 
a Bose-Einstein Condensation (BEC) mechanism. For instance, in [27]the axion, the Nambu-
Goldstone scalar associated with the Peccei-Quinn solution to the strong CP problem [28] is 
assumed to be the dark matter particle that condenses in the potential induced in QCD at the 
color confinement scale and acquires a time (or temperature) dependent mass. In this model, 
the properties (mass and coupling to 2 ) must be fine-tuned to explain why such a particle has 
not been discovered yet.  
 On the other hand, in ref. [29], the authors propose an axion-like BEC model for dark 
matter of which they show, by means of high precision simulations, that it agrees with the 
conventional cold dark matter model in the description of large scale structures in the 
distribution of galaxies and works much better than it in the description of small scale structures 
thanks to interferences between the “dark quantum waves” and some waves arising in hydro-
dynamical models (Jeans instability effect). The proposed model depends on just one free 
parameter, the axion mass which turns out to be about 238.110 eV .   
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 Unlike these axion-like models, the model that I propose is a gluon BEC model that 
does not need any ad hoc scalar field: the dilaton, the quantum of the scalar field  related to 
the determinant of the metric, acts as the quasi-particle with a time (or temperature) dependent 
mass representing, the collective gravitational effect of the Bose-Einstein gluon condensate.  
5/ Conclusion  
 There are other approaches to the dark matter issue which share with mine the intent 
of avoiding the recourse to beyond standard model particles. Among them, there are two that I 
intend to compare with mine more thoroughly in a work that is in progress: the first one is the 
topological approach based on the MacDowell-Mansouri extension of first order gravity, by 
James Bjorkene [30], and the second one is the above cited work of Eric Verlinde [18].  
Anyway, to my knowledge, the crux of the present paper, namely, the interpretation of the dark 
components (dark energy and dark matter) necessary in CDM to saturate the flatness sum rule 
in terms of the sum of normal and anti-de Sitter world-matter densities related respectively to 
fermion and boson loops in the quantum vacuum – see Eqs. (24) – has never been considered 
in the literature. This dual structure of the world-matter allows, at the same time, clarifying the 
CC issue and the role played in the cosmological context by the QCD vacuum condensates, a 
role which hitherto was completely obscured. For instance, in [31] the authors suggested, as a 
way to avoid the huge discrepancy between what they thought was the contribution of the QCD 
condensates to the cosmological constant and the current value of CC (a factor 1045!), that the 
QCD vacuum condensates “have spatial support within hadrons, not extending throughout all 
of space,” in such a way that they do not contribute to But if the vacuum energy density to 
which the condensates are supposed to contribute is not a cosmological constant,  but a time-
dependent part of the world-matter energy density, there is no reason to claim that  their 
contributions are confined within hadrons. On the contrary, since the visible (baryonic) matter 
and the (dark) world-matter are supposed to have the same time dependence, any theoretical 
argument about their relative weights at the confinement/deconfinement transition can lead to 
a prediction about their relative weights in the present-day budget of the cosmological 
parameters, which is exactly what was done above. 
 A last comment is in order about the conceptual status of the cosmological constant. 
Thanks to the EPG we have said that this status can be moved from the one of a constant in the 
                                                          
e It is a pleasure to acknowledge James Bjorken who, in private communication, drew my attention on this 
work. 
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action of classical gravity to the one of an integration constant in a cosmological context, but 
the connection of the dark universe with the quantum vacuum through the quantum dilaton 
field, strongly suggests that the real context of  is quantum gravity rather than classical 
gravity. Therefore, I think that the cosmological constant may play a foundational role in the 
reconciliation of general relativity and quantum physics [32].
  
  
Acknowledgements It is a pleasure to cheerfully acknowledge Michel Spiro, with whom 
several of the ideas here presented were elaborated in the preparation and the writing of our 
book Le boson et le chapeau mexicain, [33] devoted to the discovery, in 2012, of the Brout 
Englert Higgs (BEH) boson. During the more than two years during which this work has been 
elaborated, I benefited of fruitful discussions with several colleagues I want to thank: Vincent 
Bontems, Vincent Brindejonc, Johan Cohen-Tanugi, Sylvain Hudlet, Yuri Pirogov, James 
Rich, Simone Speziale, Jean-Pierre Treuil, Jean-Marc Virey.  
 
  
 
 
  
 
22 
 

 
 
 
Figure 1 
Caption The CDM cosmology represented in a graphic in which the Hubble radius 1L H   
is plotted versus the scale factor ( )a t   (set to 1 today) in logarithmic scale. The cosmic evolution 
is schematized on the thick line, on which the cosmic time grows linearly in the inflation phases 
(horizontal parts from point  to  and from  to ) and exponentially in the expansion phase 
(from  to ). All quantum fluctuations with generic wave-length  exit from the Hubble 
horizon in the primordial inflation phase enter it in the expansion phase, and re-exit it in the 
late inflation phase. No quantum fluctuation with a wave-length smaller than  orlarger than 
   enters the Hubble horizon. Padmanabhan has used this property to infer [12] that the total 
amount of information, what he calls “CosmIn” in the CDM universe is finite and proportional 
to the inverse of the cosmological constant.
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Figure 2a 
Vacuum-vacuum quantum statistics (Bose-Einstein or Fermi-Dirac) correlations 
 
 
 
 
 
Figure 2b 
A “tadpole” diagram in which a boson (resp. fermion) exchanges a virtual dilaton with a vacuum loop 
involving a particle identical to it, is transformed trough the interchange of identical particles, into a 
positive (resp. negative) self-energy diagram.   
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